nutrient acquisition, decomposition and protection against pathogens. Perennial 48 crops, such as Salix (willow) and Populus (poplar) species, grown in short rotation 49 coppice (SRC) biomass plantations represent an interesting opportunity to promote 50 agricultural sustainability, by enhancing regulation of important ecological 51 processes [1] . Although willow SRC is commercially grown in several countries 52 including Sweden (~14000 ha), the production of biomass for energy from SRC 53 forestry is still in the experimental stages of development in major countries such 54 as the UK and US [2] . Land availability and biomass yield are major concerns 55 surrounding biomass as an energy source [3] [4] [5] [6] [7] , yet the contribution of biomass 56 derived energy to global renewable energy stocks (~50% in 2004) remains 57 significant [8] . 58
Less attention, however, has focussed on sustainable SRC culture, 59
including interactions with soil microbial communities. As primary producers, plants 60
provide photosynthetically derived carbon to the soil microbial community, 61 including symbiotic mutualists, decomposers and pathogens [9] via rhizodeposition 62
[10] which is easily assimilated by the soil microbial biomass [11, 12] . A vital 63 component of the soil microbial community, mycorrhizal fungi, represent the 64 primary interface between photosynthate and soil through intimate associations 65 with plant roots, and have a central role in plant nutrient acquisition and plant 66 health [13] . Interestingly, the perennial nature of SRC crops is associated with 67 minimal mechanical disturbance of soil and is likely to promote belowground 68 mycorrhizal functioning which, in turn, could promote biomass yield and cropping 69 security. Compared with conventional cropping systems, SRC plantations are only 70 replanted every 10-25 years (depending on national regulation, market issues and 71 plantation health), which significantly lengthens crop-rotation periods and the crop 72 is generally more deeply-rooted, requiring no annual soil cultivation or herbicide 73 application once established (Box 1). In addition, considerably less agrochemical 74 inputs, in particular nitrogen, are required in SRC. Non-intensive management of 75 6 extensive and can account for up to 30% of the microbial biomass in soil [33, 34] . 126
Plant investment in mycorrhizas is offset by the benefits gained (such as increased 127 nutrient acquisition) in most cases, hence mycorrhizal associations are considered 128 mutualistic. In fact, plant investment in mycorrhizal hyphae 'cost' the plant 100 129 times less carbon to construct a unit of hypha than it would that of a root [35] , 130 effectively making the symbiosis cost-effective in terms of plant carbon investment, 131 especially as hyphae can extend beyond the nutrient depletion zone that develops 132 around the roots. Plant investment in mycorrhizas should therefore decline as soil 133 nutrient availability increases, as an abundance of labile nutrients (such as fertiliser 134 additions) reduces the need for a foraging symbiont. However, the sparse 135 experimental evidence for nutrient fertilization effects on mycorrhizal colonization 136 of SRC crops indicates variable relationships: fertilization either reduced or 137 increased mycorrhizal colonisation of SRC willow, depending on soil and/or other 138 site-specific conditions [20] . Increased understanding about the relationships 139 between soil nutrient availability and mycorrhizal colonisation in SRC could be 140 used to develop marginal land for SRC forestry, thus reducing competition for high-141 quality agricultural land, which is increasingly in demand to fulfil global food and 142 housing requirements [36] . 143
144
The role of mycorrhizas in soil carbon cycling 145 A main feature of mycorrhizal symbioses is carbon flux from the plant to the 146 fungal symbiont, making mycorrhizas an integral link in global carbon cycling. 147
Mycorrhizal colonisation alters the carbon metabolism of the plant, increasing the 148 carbon allocation to the whole root system [37] , with a significant proportion (4-149 20%) diverted to the fungal component [12, 38, 39] Glomalin is highly persistent in soil (residence time of 4-62 yr) and acts as soil 166 'glue', which can improve soil structure by enhanced soil aggregation [46, 47] . 167
Qualitative and quantitative differences in mycorrhizal exudates might also 168 contribute to soil chemical, physical and biological heterogeneity, creating hotspots 169 of microbial activity and promoting soil activity. However, incorporation of recently 170 fixed carbon into the soil microbial biomass represents only one route for the total 171 diverted carbon, with a substantial carbon diversion to other fungal structures, 172 particularly investment in the external mycelial network. Carbon turnover from fine 173 AMF hyphae can be rapid (5-6 days) with thicker hyphae taking up to 30 days [48] , 174 thus representing an important pathway by which plant-assimilated carbon enters 175 the soil environment [49] . This is in contrast to root turnover, which can take 176 several years depending on the root diameter and plant species [50] . Difficulties 177 arise in attempting to apply these turnover times to all fungal tissues, however, 178 
SRC, nutrient cycling and mycorrhizas 214
Coppicing is practiced in forestry as a means of removing apical dominance 215 to encourage accelerated growth and increased yields, and in SRC plantations 216 coppicing typically occurs every 3-5 years [41] . Following coppicing, re-growth of 217 new plant biomass is facilitated by the regeneration of new shoots from the 218 remaining stump. Conventional land management practices often include tillage 219 and significant inputs of nutrients, herbicides and pesticides can have negative 220 impacts on the number of mycorrhizal species present and can, in effect, 221 marginalise mycorrhizal and microbial functioning [19, 55, 56] . In commercial SRC 222 culture, the use of herbicides is required only during establishment of the plantation 223 and pesticide application is generally not required [57] . SRC plantations could 224 therefore be managed organically after the establishment phase, as a total 225 absence of fertilisation could allow biomass yield to decline to economically 226 unfeasible levels. Extrapolating these data to SRC biomass plantations is difficult 227 however, as interactions with other site-specific variables can alter mycorrhizal 228 dynamics in soil. 229
Preservation of soil microbiology in less intensively managed sites can 230 contribute to self-regulation of fundamental ecosystem processes, particularly 231 nutrient recycling, without need for further nutrient inputs. Given the support for 232 mycorrhizal enhancement of plant nutrient status [13] , however, the problem of 233 nutrient limitation of yield can be alleviated by mycorrhizal retrieval of nitrogen and 234 phosphorus from soil organic material. High-yielding perennial trees, such as those 235 grown in biomass plantations, can generally produce high dry matter yields from 236 modest nitrogen applications (20-50% less nitrogen fertilisation than annual crops) 237
[41]. This may mean that nitrogen inputs to SRC plantations can often be kept to a 238 minimum (at least compared to many conventional agricultural practices), thereby 239 minimising the possibility of adverse environmental impacts which may ensue if 240 excess nitrogen is applied to the land. Closure of major nutrients cycles, such as 241 nitrogen cycling, is one of the most important factors in ecologically sustainable 242 systems, as it lowers the amount of nitrogen leached out or lost in gaseous form. 243
Enhancing the availability of phosphorus and nitrogen to host plants is 244
considered the most important function of mycorrhizas [13] , and nutrient availability 245 in sustainable systems is often dependent on mycorrhizal activity. Phosphorus is a 246 major nutrient required by plants, although in soil it is usually present in very low 247 Another interesting example regarding the effects of mycorrhizas on higher 291 trophic organisms is represented by the interactions between root mycorrhizal 292 colonization and leaf herbivore resistance in willows [70] . In fact, mycorrhizas and 293 their influence on crop resistance to phytophagous insects might involve a yet 294 unexplored potential for the bioprotection of agricultural crops. Control of pests and 295 diseases in biomass plantations is important for the maintenance of high yields (i.e. 296 crop security). Plant resistance to insect attack is often mediated by tissue 297 concentrations of phenolic compounds that affect insect behaviour, development 298 and survival. In an experimental study, the effects of mycorrhizas on willow leaf 299 chemistry were found to be dependent on specific combinations of fungal species 300 and plant genotype [70] . Mycorrhizal control over the production of plant foliar 301 substances (e.g. salicylic acid) could therefore present opportunities for selection 302 of compatible fungal and plant combinations to combat herbivory. In effect, this 303 presents a conceptual basis for the development of biological control strategies 304 against insect herbivory in willow and poplar biomass plantations. 305 306
Challenges for future research 307
The theoretical potential of bioenergy is vast, and considerable emphasis 308 must be placed on conducting large-scale field trials to optimise biogeochemical 309 conditions for sustainable biomass production. Many groups of organisms regulate 310 essential ecosystem processes, but mycorrhizal fungi arguably represent the most 311 important keystone group linking crop productivity and cropping security to below 312 ground functioning (Figure 2 ). The preservation of mycorrhizal status in biomass 313 plantations could significantly improve the viability of low-input SRC plantations. 314
However, lack of information regarding the underlying functional relationships 315 between plants, mycorrhizas, pests and microorganisms represents a major 316 challenge in the attempt to achieve sustainability. We have identified the following 317 areas which merit further investigation: the effects of mycorrhizas on biomass 318 production and carbon sequestration under various management regimes; the 319 effects of nutrient fertilization, regular harvests and biochar application on 320 mycorrhizal functioning; the interactions between mycorrhizal fungal genotype and 321 crop genotype. Another prerequisite for the successful implementation of 322 sustainable management concepts into SRC culture is the consideration of 323 ecological processes in crop breeding, as specific fungal -host genotype 324 combinations seem to be crucial for the ultimate effects of mycorrhizas on crop 325 performance and pest resistance [70, 71] . Resolution of such issues will contribute 326 greatly to our understanding of how sustainable land management and future 327 energy needs may be achieved. 328
Depletion of finite resources, such as global phosphate reserves, which are 329 estimated to run out ~100-150 years from now, based on current exploitation rates 330 [77, 78] suggests that management of organisms, such as mycorrhizal fungi, which 331 can exploit and recycle soil phosphorus and nitrogen is advantageous. Integration 332 of mycorrhizal systems with other carbon sequestration management practices, for 333 example biochar usage [53, 54] (Box 2), could also be an important future practice. 334
The first mycorrhizal symbioses evolved over 400 million years ago in response to 335 phosphorus deficiency in terrestrial ecosystems [35] , and we suggest that 336 capitalisation on this strategy in sustainably managed ecosystems could become 337 essential for future land management and crop production. 
